Since the dental structure and the mechanical parameters of dental hard tissues would affect the propagation features of ultrasonic waves, laser ultrasonic nondestructive evaluation (NDE) technique can be used to assess human teeth. With the application of an expansion Laguerre polynomial technique, surface acoustic waves (SAW) in human incisors are calculated, and the effects of inhomogeneous elastic properties of enamel and initial dental caries on SAW are also discussed. An experimental setup to generate and detect SAW in incisor by noncontact and nondestructive manner is established. A focused laser line source is used to generate broadband SAW, which is detected by laser Dopple vibrometer on healthy incisor and initial dental carious, respectively. The results demonstrate that some dental parameters such as dental structures and initial dental carious can affect the phase velocities of laser induced SAW. Laser ultrasonic NDE methods have the potential for evaluation of human teeth in vivo.
Introduction
Tooth, the hardest tissue in human body, mainly consists of minerals. Dental caries, tooth decay or lesion, is a kind of common disease that the hard structure of tooth is gradually destroyed. It is caused by the erosion of bacteria in mouth and the defect of tooth. In the early stage of dental caries, it appears in the form of white and opaque spots, called white spot lesion, which is results from demineralization. At present, clinical treatment on dental caries still mainly rely on tactile and X-ray treatment. However, these methods cannot diagnose initial dental carious, nor can they quantify the demineralization degree, as well as the elastic modulus of tooth structure which directly reflect mineral content in teeth. Methods used for measurement of hard tissue structure of teeth now are mainly as follows: 13) Strain Sensor Measurement, nanoindentation hardness experiments, scanning electron microscope. All these methods can only be used to measure vitro teeth.
Ultrasonic nondestructive evaluation technique, one of the five traditional nondestructive assessment techniques, is applied not only to quantitative measurement of material elastic property, 4) defect 5, 6) and film thickness 7) but also to assessment on biological tissues, especially the application of ultrasonic to the researches on the structure of human teeth. 8, 9) The characteristics of ultrasonic wave propagation in teeth, such as mode, time domain and frequency domain signals, will be influenced by dental structure, density, elastic modulus, odentoschim, etc. Therefore, characteristics of ultrasonic wave in teeth, like velocity and mode can be used to evaluate dental elastic properties, structure and dental health state. Toda, 10) as well as others, has measured the thickness of enamel and dentin with the help of Leaky Lamb Wave and echo wave technique. Hsiao 11) and his teams from Sydney University have employed laser ultrasonic technique to assess teeth. Laser is used to excite SAW in human teeth in vitro, and then they probe SAW in healthy teeth and dental caries in early stage by means of light interferometer.
Since the velocity of the ultrasonic wave is sensitive to material properties, ultrasonic velocity dispersion characteristics are usually used to extract material mechanical properties and structure parameters. Adopting Laguerre polynomial expansion method, 12, 13) this paper studies SAW traveling in teeth, and mainly focuses on the SAW velocity in teeth with different dental structural characteristics, like elastic modulus. Ultrasonic field is represented by linear combination of Laguerre polynomial and an appropriate order polynomial is used for the distribution of dental elastic constant and density. SAW velocity dispersion can be directly obtained by solving an eigen equation, avoiding errors from time domain signals to frequency domain signals. This is a kind of non-iteration analytic calculation method with simple calculating procedures, so ultrasonic field can be obtained easily and this method is especially suitable for objects with continuous distribution of mechanics property in the direction of thickness. Taking elastic constant inhomogeneous of enamel into account, there is no need for discrete enamel mechanical parameters, which can avoid the emergence of pseudo-mode acoustic waves caused by discretization. A noncontact experimental setup is established to generate and detect the laser induced acoustic waves in this paper. The SAWs in healthy incisor and initial dental carious are discussed.
Studies in this paper form the theoretical and experimental foundation for dental parameters extract by laser ultrasound NDE technique.
Physical Model and Calculation Theory
Human dental crown mainly consist of enamel, dentin and pulp, the outermost layer of which is the hardest tissue of human body-enamel that is made up of calcium and phosphor. The thickness of enamel is inhomogeneous, with dental cervix the thinnest. There are many kinds of dental morphology and structure. Take incisor for example, incisor is the flattest, and then the effect of dental morphology on acoustic waves need not to be considered. Incisor can be regarded as well-distributed layer tissue made up of enamel, dentin and pulp. Pulp is made up of liquids such as nerves, blood vessels and lymphatic, so it can be regarded as a waveabsorbed layer. And dental crown can be treated as an enamel-dentin layer structure for acoustic wave propagation. The propagation of SAW in incisor is shown in Fig. 1 . X 1 represents the wave traveling direction; X 2 is perpendicular to enamel surface; H 0 is the thickness of enamel. The elastic constants and density of enamel and dentin are respectively represented by c acbd and μ. Axis X 3 , X 2 and X 1 are orthogonal axes with each other, and the wave is assumed uniform along the X 3 direction.
The equation governing wave propagation in teeth are given by
Where u a and T ac represent the components of particle displacement and the stress. The subscripts a and c, as well as b and d, which will appear later, take on the values 1, 2 and 3, and summation over repeated indices is implied throughout this article. The boundary condition requires that the normal component of the stress should be zero at the enamel surface.
By introducing a unit step function ª(x 2 ) the boundary condition is automatically incorporated in the constitutive relation:
The material properties of dentin are assumed to be homogeneous. Stronger anisotropy of enamel taken into consideration, mechanical parameters of enamel are assumed to have continuous distribution in the X 2 direction. Mechanical properties of enamel are expressed by polynomials of order N as follows, and the value of N is decided by the distribution of mechanical properties:
where ³(x 2 ) is a rectangular windows function. The coefficients c ðnÞ acbd and μ (n) will be illustrated later. Dimensionless coordinates q 1 , q 2 and q 3 are introduced for convenience:
where k is the magnitude of the wave vector in the x 1 direction. The displacement is assumed to be:
Where A a is the magnitude of the displacement field. Considering the e i½t time dependence, eq. (1) can be written as:
Considering the dental structure and the integrating range of orthogonal polynomial, Laguerre polynomial is selected to study the propagation of surface acoustic wave in human teeth. The field quantities are expanded in the Laguerre polynomial:
with summation over the repeated subscript m and where
is the mth Laguerre polynomial. Laguerre polynomial satisfied the orthonormal property:
Where
By substituting eq. (7) into eq. (6), multiplying by Q j ðq 2 Þ, and integrating over q 2 from 0 to¨gives:
where Fig. 1 The propagation of SAW on incisor.
Equation (11) yields a form of the eigenvalue problem. The eigenvalue (½ 2 =k 2 ) represents the acoustic wave velocity and p a m is eigenvector. Therefore, with this method, the characteristics of SAW in frequency domain can be obtained directly by solving an eigen equation, lessening errors that exist during signal processing, for there is no need convert signals from time domain to frequency domain.
Calculated Results and Discussion
This paper mainly analyses the velocity of SAW traveling in typical incisors with different structures, especially the effects of enamel elastic properties distribution on SAW.
To study the sensitivity of SAW velocity to dental structures, we first discuss SAW traveling in incisor with different inhomogeneous elastic properties. The thickness of typical enamel and dentin are respectively about 1 and 1.5 mm. To discuss the SAW, the thickness of dentin is regarded semi-infinite shown in Fig. 1 . Table 1 shows the mechanical parameters 14) of enamel and dentin used in our calculation. Firstly, the healthy incisor is regarded as a double-layer structure made up of enamel and dentin with homogeneous mechanical properties. Based on the structural features, N = 0 in formula (3) can be got. Meanwhile, μ 0 , μ (n) , c 0 acbd , and c ðnÞ acbd in formula (3) can be determined. Velocity dispersion curve of SAW that travels in healthy incisor with homogeneous elastic properties is shown by the solid line in Fig. 2 . SAW velocity is influenced not only by enamel but also by dentin. Corresponding with long wavelength wave, the low frequency part of the SAW is mainly influenced by the mechanical properties of dentin; while in accord with short wavelength wave, the high frequency part of the SAW is mainly affected by the mechanical properties of enamel. The mechanical properties of enamel and dentin decide SAWs velocity. Since the upper enamel is the hardest tissue, SAW travels faster in enamel than that does in dentin. So an abnormal dispersion characteristic of SAW appears in Fig. 2 . When frequency is bigger, SAW velocity reaches about 2953 m/s, which is the velocity that of SAW traveling in enamel with half-infinity structure. When frequency becomes smaller, velocity is close to that of SAW traveling in dentin with half-infinity structure.
It is a kind of simplification and approximation to regard enamel as a homogeneous tissue. In fact, enamel consists of enamel rods arranging parallel, whose diameters are 5 µm. It is similar to fiber-reinforced two phase composite material, whose microstructure exists with high directivity, producing the inhomogeneity of mechanical properties. Now, several scholars have observed microhardness and Young's modulus of enamel by means of nanoindentation hardness experiment or scanning electron microscope, discovering that Young's modulus of enamel could decrease by up to 27%
2) from enamel surface to dentin-enamel junction, i.e., the direction of X 2 in Fig. 1 . We have done some researches about the influence of enamel anisotropy on SAW. A special situation is observed where enamel elastic properties decreases linearly along X 2 . N = 1 in Formula (9) when enamel elastic modulus linearly changes from dental surface. Not only can this method be applied to the linear distribution of mechanical properties, but it can also be used in various nonlinear distributions of mechanical properties, like exponential and parabola distribution. Detailed distribution characteristics of mechanical properties are determined by N and c ðnÞ acbd . In this way, elastic property distribution can be used as one of the evaluation parameters by SAW velocity dispersion characteristics. The velocity dispersion curves of SAW traveling in teeth are shown in Fig. 2 when the elastic constants linearity decreases from enamel surface. Compared with the situation with homogeneous elastic property of enamel, the results in Fig. 2 show that the inhomogeneity of enamel results in decrease of SAW velocity. When f ¼ 0, V R is still 1776 m/s. It is because as is stated above, corresponding with long wavelength wave, low frequency part is mainly affected by dentin properties. With frequency increases and gets close to about 8 MHZ, SAW velocity is approximately 2953 m/s both in homogeneous and not inhomogeneous enamel. Figure 2 shows different situations are discussed when enamel elastic constants decrease by 27%, 20%, 15% and 10%. The unapparent changes of the elastic constants of enamel from outside surface to dentin-enamel junction will also distinctly influence velocity dispersion of SAW. A conclusion is reached that SAW velocity dispersion is sensitive to the distribution of enamel elastic constants. From the enamel surface to dentin-enamel junction, less decrease of enamel elastic constants, the faster velocity of SAW is. When SAWs are used to detect enamel mechanical properties, proper excitation frequency of SAW is needed. When the enamel thickness is 1 mm, the SAW with the frequency range about 3.5 MHz is affected by the inhomogeneity of enamel elastic parameters more greatly. SAW velocity characteristics can be used to detect not only healthy tooth structure, but also unhealthy teeth, like dental caries especially in early stage when patients seldom have clinical features. Dental caries in early stage are caused by the demineralization of enamel layer and the contents of minerals in teeth are directly reflected by the elastic modulus of dental tissues. In addition, SAW energy mainly focuses in enamel, so it is quite sensitive to initial dental caries. Figure 3 refers to the discussion about the characteristics of SAWs in incisor with initial dental caries. The parameters of enamel with dental caries are shown in Table 1 . The thickness of the whole enamel layers including dental caries is still 1 mm. Initial dental caries with 200 µm thickness appear on the surface of the enamel.
When initial dental caries appear, SAW velocity will get faster first and then decrease as frequency increases. The peak value of velocity exists when frequency reaches 2.3 MHz or so. According to the peak value, the wavelength with frequency 2.3 MHz is exactly 1 mm, which is the thickness of enamel. As frequency increases, velocity will take on a trend of decrease which induced by initial dental caries. The obvious decrease of the wave velocity in high frequency results from the fact that dental caries lead to the softness of enamel. Enamel thickness and distribution of mechanical properties can be determined by SAW velocity dispersion characteristics. For such a non-linear velocity changing trend, at least two characteristic parameters of teeth can be extracted by comparing with experimental results.
Experimental Setup and Results
A noncontact optical experimental setup for generating and detecting SAWs is established. Figure 4 shows a schematic diagram of the experimental arrangement in measurement of the laser induced SAW. SAWs are excited by a Q-switched Nd: YAG with wavelength 266 nm, 7 ns pulse width and single pulse energy 2 mJ. This UV laser is chosen to excite the acoustic wave because of the high absorption efficiency of enamel. The pulsed lasers go through the spectroscope first. Some reflected light, as a trigger light source, is absorbed by photo electricity diode (100 ps rise-time). The reflected light then travel to electronic oscillograph as trigger signals after the conversion of photo electricity signals. Most of the laser energy is monitored by a prism and a cylindrical lens and then focused into sample surface. A line source is created by cylindrical lens because the SAWs have a noticeable superiority in propagation perpendicular to the line source. The excitation source and the distance of receiving points can be changed by controlling electric controlled translational platform (Repetitive positioning precision is 0.32 µm). For undamaged enamel surface, the energy density of the laser is controlled under 10 12 W/m 2 to ensure that SAWs is induced in the thermo-elastic mechanism.
A wide frequency bandwidth laser-Doppler vibrometer (Polytec OFV-5000 and OFV-50X) is utilized to measure the generated elastic wave signals coming from the laser sources. The probe is based on the Doppler-effect, sensing the frequency shift of back scattered light from a moving surface. A 633 nm continues-wave laser is generated by the vibrometer and reflected by a triple prism. And the surface vibration velocity and displacement can be determined. The vibrometer can be used to detected widewidth singles below 20 MHz. The output signals from vibrometer then travel into a 500 MHZ digital oscilloscope (TDS3054B).
A human incisor is chosen as an experimental sample for its flat lip surface, and the effect of incisor curvature on SAWs can be ignored. The healthy incisor is named S1. With the experimental setup mentioned above, time-domain waveforms in healthy incisor can be recorded as shown in Fig. 5 . The difference of source-receiver distance is 1 mm between (a) and (b). A typical skimming longitudinal wave and surface acoustic waves in S1 can be received. With the increase of wave propagation distance, the arrival times of the SAW is late. Then an artificial initial dental caries is created in the healthy incisor S1 by demineralization. The incisor is coated with a protected layer of gummed paper while a 4 © 2 mm area is exposed. The exposed area is coated with some gels which contains 30% volume fraction of H 3 PO 4 . It is cleaned after 5 min demineralization. And the treated incisor we named S2. S3 is performed the same treatment at the same exposed area in S2, so it has deeper demineralization with S3 for the longer demineralization time-10 min than S2. The three samples: S1, S2 and S3 represent different degree of dental caries. Figure 6 are the time-domain Frequency Domain Characteristics of Laser Surface Acoustic Waves in Healthy Incisor and Initial Dental Carieswaveforms in healthy incisor S1 and carious incisor S3 with the same source-receiver distance. The propagation velocity of SAW in carious incisor is obviously slower because the mineral content in teeth directly relate with the elastic modulus of teeth.
To extract the characteristic parameters of teeth by laser induced acoustic waves, phase velocities of acoustic waves are always used instead of time-domain signals. A twodimension fast Fourier transform (2DFFT) is used get frequency-domain characteristics of SAWs from time-domain waveforms. For each sample, sixty time-domain waveforms with 0.05 mm space interval are detected to obtain the phase velocity dispersion curve. The velocities of SAW in incisors with different demineralization degree are shown in Fig. 7 . The results show that the experimental velocity dispersion curves have the similar trend to the theoretical results. The velocities of SAW in S3 are lower than in S2 with the whole frequency ranges which indicates the deeper dental caries degree in S3. The velocities of SAW in S2 and S1 are almost the same when the frequency is lower than 6 MHz, but there are obvious differences with S3, which indicate the larger demineralization depth. The significant differences among three dispersion curves discriminate the demineralization degree and depth. It means that the laser acoustic waves can be used to diagnose initial dental carious by velocity dispersion characteristics.
Conclusion
This velocity dispersion of SAW in human incisor is calculated with Laguerre polynomial expansion method. And a noncontact optical experimental setup is established to generate and detect the laser induced SAWs. Due to the fact that SAW mainly permeates below surface by about one wavelength, the velocity of SAW is sensitive to enamel structural characteristics and initial dental carious. Researches show that both the elastic properties of enamel and dental caries are able to influence SAW velocity. It is convenient to obtain SAW velocity dispersion with Laguerre polynomial expansion method. Combining the theory results with experiment results, some parameters such as the structure characteristics of enamel, initial dental caries degree and depth can be extracted by the phase velocities of SAW. 
